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Biomass-Based Net-Zero or Negative 
Carbon Emissions Technologies
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● Converting carbon dioxide to products provide the best long-term solutions
● Carbon capture through biomass potentially requires less energy than direct 
conversion of carbon dioxide to products
● The key is to develop an efficient chemical conversion method for the 
production of bio-products and biofuels
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Biomass Fast Pyrolysis: A Simple Yet 
Non-Selective Conversion Route
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● The diverse product distribution is the main drawback
● Methods to manipulate reaction pathways to alter product yields and 
selectivity (i.e., catalysis) are needed
Schematics of Cellulose Pyrolysis
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● Competition between the 
formation of LG and LMWPs
● Both physical (evaporation, 
aerosol ejection, etc.) and 
chemical (reactions) pathways 
exist
● There is a complex interplay 
between mass transfer and 
chemical kinetics
Scattered Levoglucosan (LG) Yields 
Are Reported in the Literature
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● Reaction temperature is not the 
only factor
● Smaller sample size and lower 
system pressure decrease LG 
yields
● These data suggest that different 
reaction conditions and mass 
transfer environments could 
result in different product yields
Levoglucosan (LG) has the potential to be a next generation bio-based product
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Can We Manipulate Pathways to 
Increase LG Yields?
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Can We Manipulate Pathways to 
Increase LG or LMWP Yields?
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● Blocking the evaporation of 
anhydrosugar oligomers
● Blocking the ejection of 
aerosols
● Yields of LG and low 
molecular weight products 
(LMWPs) should increase
The Concept of A Molecular Trapping 
Layer to Alter Product Yields
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A molecule trapping layer to 
inhibit evaporation/ejection 
and to promote the formation 
of LG and LMWPs
Molten Polymers (MPs) As Molecular 
Trappers for Cellulose Pyrolysis
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● MPs are 
thermoplastics melt 
at typical cellulose 
pyrolysis 
temperatures
● Their degradation 
timescales are much 
longer
● Pyrolysis can be 
quenched to prevent 
MPs from 
degradation
A Batch Reactor Was Used to Conduct 
Vacuum Pyrolysis
8Learning with Purpose
● Thin-film samples with different 
mixing ratios were made in a 
copper holder
● The batch reactor assembly was 
evacuated below 0.1 torr
● Sample was dropped into a 
glass reactor preheated in a 
furnace
● Products were driven into the 
condenser by thermal diffusion
● Condensed products were 
analyzed by gas 
chromatography (GC) after the 
reactions
● Reaction time (~ 15 mins) is a 
major limitation
Samples of Different Mixing Patterns 
Were Reacted
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● Single component layer (CE or PE): ~ 5 mg or 10 mg
● Mixed component layers: total ~ 20 mg 
CE PE CEPE
PECE 2PECE 3PECE
Nallar and Wong, ACS Sustainable Chem. Eng., 2019, 7, 9480
Different Sample Mixing Patterns 
Resulted in Different Product Yields
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● LG yields were highest for PECE samples, followed by CEPE and CE
● LMWP yields from PECE were also higher than those from CEPE and CE
LMWP Breakdown
Longer HDPE Melting Time Resulted in 
Higher LG Yields (for PECE Samples)
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LG yields increased with the HDPE melting time during sample preparation
LMWP Breakdown
Longer HDPE Melting Time Provided 
Larger HDPE Surface Coverage
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Thicker HDPE Layers Resulted in Higher 
LG and LMWP Yields
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LMWP Breakdown
Both LG and LMWP yields increased with HDPE layer thickness on top of 
the CE layer
Trapping Products using MPs to 
Promote LG and LMWP Yields
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A molecule trapping layer to 
inhibit evaporation/ejection 
and to promote the formation 
of LG and LMWPs
An Increase of ~30% in LG Yield Was 
Observed when HDPE Was Used
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LG yields increased with the presence of HDPE layers regardless temperatures 
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What About Other Types of 
Thermoplastics (Molten Polymers)?
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Polyethylene 
(PE)
Polyethylene 
terephthalate 
(PET)
Polystyrene 
(PS)
No Functional Groups
Aromatic Groups
Aromatic, ether, and 
ketone Groups
Can Functional Groups Affect Reaction 
Pathways of Cellulose Pyrolysis?
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Can Functional Groups Affect Reaction 
Pathways of Cellulose Pyrolysis?
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Can Functional Groups Affect Reaction 
Pathways of Cellulose Pyrolysis?
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Functional Groups in Molten Polymers 
Have Significant Effects
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● The presence of MPs increased combined 
LG and LMWP yields
● PE and PEG gave similar LMWP yields 
but different product distribution
● PS gave the highest LMWP yields with the 
cost of LG yield
- MPs inhibit the evaporation of anhydrosugar oligomers
- Ether and aromatic groups inhibit glycosidic bond cleavage and dehydration
Nallar and Wong, Ind. Eng. Chem. Res., in press.
Can Functional Groups Affect Reaction 
Pathways of Cellulose Pyrolysis?
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Co-pyrolysis of LG in the Presence of 
MPs Confirms the Hypothesis
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- MPs inhibit the evaporation of LG
- Ether and aromatic groups inhibit glycosidic bond cleavage and dehydration
- Most LMWPs are produced from small anhydrosugar oligomers (cellubiosan)
● The presence of MPs increased LMWP 
yields but decreased LG yields
● LG yields: Neat > HDPE > PEG > PS
● LMWP yields: Neat < HDPE < PEG < PS
Can Functional Groups Affect Reaction 
Pathways of Cellulose Pyrolysis?
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Conclusions
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● The presence of molten polymers (MPs) in cellulose pyrolysis alter 
reaction pathways and product distributions
● The pathways were inhibited by physical and chemical mechanisms
Future Work
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● Experiments:
- Advanced reactor for time-dependent product distributions
- Physical inhibition: HDPE with different viscosity (i.e., diffusivity of the 
species in the molten phase)
- Chemical inhibition: polymer blends with controlled functional groups
● Computations:
- Coupled diffusion/kinetic modeling to describe the physical inhibition effects
- DFT calculations to understand the hydroxyl group stabilization process
- Structure-property relationships for the effects of MP functional groups
- Detailed kinetic modeling of cellulose pyrolysis in the presence of MPs
● Effects of MPs on the pyrolysis of other biomass 
constituents (i.e., hemicellulose and lignin)
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Co-pyrolysis of LG and HDPE Suggests 
that LG Accelerates HDPE Degradation 
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The addition of LG accelerates the pyrolysis of HDPE, and the amount of LG 
correlates the yields of HDPE-derived products well
HDPE-derived Products from 
Copyrolysis Experiments
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PEG-derived Products from Copyrolysis
Experiments
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PS-derived Products from Copyrolysis
Experiments between CE and MPs
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